Optimization on cooperative feed strategy for radial–axial ring rolling process of Inco718 alloy by RSM and FEM  by Zhu, Xinglin et al.
Chinese Journal of Aeronautics, (2016), 29(3): 831–842Chinese Society of Aeronautics and Astronautics
& Beihang University
Chinese Journal of Aeronautics
cja@buaa.edu.cn
www.sciencedirect.comOptimization on cooperative feed strategy
for radial–axial ring rolling process of Inco718
alloy by RSM and FEM* Corresponding author. Tel.: +86 29 88460545.
E-mail address: liudong@nwpu.edu.cn (D. Liu).
Peer review under responsibility of Editorial Committee of CJA.
Production and hosting by Elsevier
http://dx.doi.org/10.1016/j.cja.2016.03.001
1000-9361  2016 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Zhu Xinglin, Liu Dong *, Yang Yanhui, Hu Yang, Zheng YongSchool of Materials Science and Engineering, Northwestern Polytechnical University, Xi’an 710072, ChinaReceived 4 September 2015; revised 10 November 2015; accepted 20 January 2016
Available online 7 May 2016KEYWORDS
Cooperative feed strategy;
Finite element method;
Inconel 718;
Multi-objective optimiza-
tion;
Response surface method;
Ring rollingAbstract During radial–axial ring rolling process, cooperative strategy of the radial–axial feed is
critical for dimensional accuracy and thermo mechanical parameters distribution of the formed
ring. In order to improve the comprehensive quality of the ring parts, response surface method
(RSM) is employed for the ﬁrst time to optimize the cooperative feed strategy for radial–axial ring
rolling process by combining it with an improved and veriﬁed 3D coupled thermo-mechanical ﬁnite
element model. The feed trajectory is put forward to describe cooperative relationship of the radial–
axial feed and three variables are designed based on the feed trajectory. In order to achieve multi-
objective optimization, four responses including thermo mechanical parameters distribution and
rolling force are proposed. Based on the FEM results, RSM is used to establish a response model
to depict the function relationship between the objective response and design variables. Through
this approximate model, effects of different variables on ring rolling process are analyzed connect-
edly and optimal feed strategy is obtained by resorting to the optimal chart speciﬁc to a constraint
condition.
 2016 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Radial–axial combined ring rolling is a rotary forming technol-
ogy characterized by continuous and incremental deformation,
which is widely used in producing all kinds of rings inaerospace ﬁeld. Rings produced by radial–axial ring rolling
possess integrated ﬂow lines, higher dimensional accuracy
and lower machining allowance. Furthermore, more sufﬁcient
deformation can be obtained and extra spending can be saved
by using radial–axial ring rolling. Especially for aerospace
rings made of difﬁcult-to-deformation materials, such as super
alloys and titanium alloys, radial–axial combined ring rolling
has become a subject extensively concerned.
Inco718 alloy possesses outstanding mechanical property at
temperature range of 253–700 C. Also, Inco718 alloy is good
at anti-fatigue, corrosion resistance and resistance to deforma-
tion. Therefore, Inco718 alloy is widely used in aerospace
engines. However, the forging temperature range of Inco718
832 X. Zhu et al.alloy is close limit and microstructure of Inco718 alloy is sen-
sitive to temperature and strain rate. Recently, aimed at the
microstructure evolution and mechanical properties of
Inco718, Liu et al.1 and Yu et al.2 have researched the effects
of cold rolling and thermal exposure, respectively. Also, the
inﬂuences of base metal and welding speed on fusion zone
microstructure and heat affected zone hot-cracking of
electron-beam welded Inco718 were researched systematically
by Liu et al.3 In addition, through isothermal compression
tests over wide ranges of strain rate and deformation temper-
ature, Lin et al.4 established a new constitutive model. There-
fore, for radial–axial combined ring rolling, homogeneous
distribution of thermo mechanical parameters is also a major
challenge at high-temperature deformation of Inco718 alloy.
Reduction of rolling force is another challenge for large
scale ring rolling. Extra spending and energy consumption
can be saved using low power ring rolling mills. Generally,
ﬂuctuation of rolling force results from deformation resistance,
feed rate, friction, ring geometry and so on. All these factors
might cause unstable rolling force, including higher maximum
force and unstable processing force, which may affect the
dimensional accuracy and microstructure stability in rings.
Targeting the two challenges presented above, many studies
have been conducted through experiment, theoretical analysis
or numerical simulation.
Giorleo et al.5,6 established a 3D FE model of hot ring roll-
ing which was tested versus experimental results, and the accu-
racy of the FE model was analyzed through a dual
comparison. Yang et al.7 researched the effects of the blank
sizes on the uniformity of strain and temperature distribution
during ﬂat ring rolling by 3D FEM. Anjami and Basti8ana-
lyzed the size effects of forming rolls on strain and temperature
distributions by 3D coupled thermo-mechanical FE simula-
tion. Lee et al.9 veriﬁed the control method of centering rolls
by both FE simulation and ring rolling experiment of
42CrMo4 ring. Aimed at accurate geometry and effective con-
trol during vertical hot ring rolling, Hua et al.10 analyzed the
interaction modes and change laws of the ring’s geometry by
experimental study. Zhou et al.11 studied the effects of feed
rates and lubrication conditions on strain and temperature dis-
tributions and found that forming defects would appear in
cross-section corners due to large strain. Based on the slab
method theory, Parvizi and Abrinia12,13 investigated the inﬂu-
ences of the process parameters such as friction factor, feed
speed, main roll rotational speed on process outputs and
obtained the rolling force. Also, they validated the present
method with experimental results extracted from ring rolling
mill and determined the rolling force when minimizing the
upper bound power with respect to neutral point position.
Yea et al.14 predicted spread, pressure distribution and roll
force during rolling process by a commercial rigid-plastic
FEM. Effect of different factors on homogeneous distribution
of thermo mechanical parameters or rolling force has been
researched. However, these investigations often aim at single
optimal object or variable. In actual ring rolling process,
multi-objective optimization should be carried out to improve
the combined production quality.
After trials and references to the previous studies, we found
that feed strategy is signiﬁcantly effective on both thermo
mechanical distributions and rolling force. Kim et al.15
reduced the maximum load by optimizing the feed rates of
the rolls, but they ignored another important index, thehomogeneous distribution of deformation. Xu et al.16 deter-
mined a desirable feed strategy that could obtain a higher efﬁ-
ciency of power dissipation. This research focused on
application of the processing map and paid less attention on
variation of the feed strategy. Zhu et al.17 explored the effects
of the ratio of axial to radial feed amount on strain and tem-
perature distribution by FE simulations. However, this inves-
tigation only focused on feed amounts along two directions
but not considered the cooperative strategy of the radial and
axial feed rate for each rolling case.
For an optimization process, the objective can be expressed
as a function of design variables through rigorous mathemat-
ical derivation. So far, several optimization objective functions
have been proposed for optimization problems during metal
forming process, such as cavity ﬁlling and forging quality con-
trol.18–20 Also, in order to obtain the sensitivity information
and avoid repeated work, non-gradient algorithms were intro-
duced into metal forming process.21–23 Different with these
approaches mentioned above, response surface method
(RSM) is a comprehensive optimization method to describe
the response characteristics of the objective function to the
design variables by combining mathematical and statistical
algorithms.24 RSM employs an approximate model on the
basis of function ﬁtting concept to replace experimental and
numerical models. Thanks to its high efﬁciency and practical-
ity, RSM has been widely applied in all kinds of ﬁelds such as
reliability analysis, dynamics research and engineering con-
trol.25–27
In the present study, RSM and FEM are employed con-
junctively to achieve multi-objective optimization of the feed
strategy. During the optimization process, a veriﬁed 3D cou-
pled thermo-mechanical FEM is used to calculate the response
for the approximate model. In order to analyze the feed strat-
egy comprehensively, three design variables are denoted based
on the description of feed trajectory which is divided into three
parts. Also, the objective function including four responses is
designed to cover the main problems for ring rolling technol-
ogy. Based on experimental data, response model is established
and corrected by signiﬁcance analysis and analysis of variance
(ANOVA). Finally, effects of different variables on optimiza-
tion objective are explored comprehensively based on the
response model. This developed approach can be suitably used
in the optimization with multiple variables and objectives for
ring rolling process or any other relevant metal forming
processes.2. 3D coupled thermo-mechanical FE model
2.1. FEM
By referring to the FE model described in Refs.28,29, an
improved 3D coupled thermo-mechanical FE model for
radial–axial ring rolling of Inco718 alloy is established as
shown in Fig. 1 based on FORGE-3D. The rolls are estab-
lished as rigid body and the material of the rolls is 5CrNiMo.
The ring is set as deformable body whose material is Inco718.
The motions of the rolls are controlled according to actual
forming process, while the optimal value of the revolving speed
of the main roll is 20 r/min and the feed speed of the mandrel is
0.875 mm/s. Revolving speed of conical rolls are settled by cal-
culating the contact position and linear speed of the ring’s
Fig. 1 3D coupled thermo-mechanical FE model.
Fig. 2 Mixed ﬁnite element mesh of the ring.
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roll approximately. Penalty function method with penetration
restriction and Coulombic friction coefﬁcient are used for the
contact conditions between ring and rolls. In order to improve
the accuracy and efﬁciency of the simulation, three key
improvements of the new FE model are proposed and
described as follows:
(1) 3D FE model uses a kind of mixed ﬁnite element mesh
as shown in Fig. 2. At locations of the two main defor-
mation zones, the blank is meshed into ﬁne ﬁnite ele-
ments to improve the calculation accuracy. AtTable 1 Contact conditions and thermo-physical parameters.
Parameter
Density (kgm3)
Poisson ratio
Heat conductivity (Wm1C1)
Elastic modulus (GPa)
Speciﬁc heat (Jkg1C1)
Temperature (C)
Circumstance temperature (C)
Contact heat transfer coeﬃcient (Wm2C1)
Convection coeﬃcient (Wm2C1)locations of the two idling zones, the blank is meshed
into coarse ﬁnite elements to shorten the calculation
time. The mesh system ﬁxed in space and remains rela-
tively static with the rolls.
(2) The pressure between the guide rolls and the ring is real-
ized by controlling the force moment of the two guide
rolls. The rotation axis is the ﬁxed end of the guide roll
arm on rolling equipment, while the length of the force
arm is equal to the length of the guide roll arm. By
dynamic controlling of the guide rolls, the new model
maintains better consistency with actual forming pro-
cess, which can predict all kinds of defects such as oval-
ity and decentration.
(3) In this model, two remeshing methods can be selected.
One is remesh by limiting interval period, and the other
one is remesh by limiting deformation. In this study, the
prior method is selected. By setting reasonable remesh-
ing interval period, calculation time for remeshing judg-
ment can be saved to improve computational efﬁciency.
Contact conditions and thermos-physical parameters of
Inco718 alloy and 5CrNiMo are listed in Table 1, in which
the thermal conductivity, Elastic modulus and speciﬁc heat
are temperature dependent functions. The main process param-
eters of the FE model and ring size are presented in Table 2.
2.2. Verification experiment
Reliable FEM is necessary to achieve the aim of optimization.
In order to verify the simulation, experiment of radial–axial
ring rolling was carried out on numerical control ring rollingInco718 5CrNiMo
8240 7860
0.3 0.3
12.58 + 0.016 T 33.5
208.46-0.094 T 198
361.21 + 0.326 T 448
1020 300
20
900
20
Table 2 Main rolling parameters and ring size requirement.
Rolling parameter Rolling parameter
Rotate speed of driving roll (rmin-1) 20 Rolling speed of conical roll (rmin-1) 40–50
Initial temperature of blank (C) 1020 Feed rate of mandrel (mm s1) 0.875
Initial temperature of rolls (C) 300 Feed rate of conical roll (mm s1) 0.35
Rolling time (s) 40 Transfer time (s) 20
Blank size (mm) £610 £450  125 Ring size (mm) £900 £800  115
834 X. Zhu et al.mill produced by Wagner Banning as shown in Fig. 3. Ring
material is Inco718 whose initial grain size is 50 lm. The main
process parameters of the experiment are the same as the FE
model as shown in Table 2.
Fig. 4 illustrates the evaluation comparison of ring dimen-
sion, rolling force and surface temperature. The temperatures
of outside and end surfaces of the ring were measured by infra-
red thermometer and the rolling forces along two feed direc-
tions were obtained by force sensor equipped on the rolling
mill. It can be found from these comparisons that evolution
of each parameter predicted by simulation is coincident with
the experiment. The maximum relative error among these
parameters is 5%. All above analysis veriﬁes the reliability of
the 3D-coupled thermo-mechanical FEM established in this
paper. Therefore, this developed FEM can be adequately used
in researching the ring rolling process of Inco718 alloy.
3. Characterization of feed strategy
In radial–axial ring rolling process, mandrel and conical roll
feed in their own speed to generate radial and axial deforma-
tion, respectively. As shown in Fig. 5(a), with feed process
going on, the cross section of blank shapes into cross section
of ring. However, the cooperative strategy of the two feed rolls
is critical for thermo mechanical parameters’ distribution and
dimensional accuracy. As shown in Fig. 5(b), the shaded area
is the cross section of the formed ring. Da, Dr and b are axial
feed amount, radial feed amount and rolling angle, respec-
tively. With the rolls feeding, the initial section proﬁle evolves
to the ﬁnal section proﬁle. In this paper, the feed trajectory
from point A to point B is used in describing the cooperative
strategy of the radial and axial feeds.
Actual ring rolling process can be divided into three stages.
I. Pre-rolling stage. At the beginning of the rolling process, the
work piece is rotated by rolls’ motivation. In order to ensure aFig. 3 Ring rostable rolling process, the pre-rolling stage continues for sev-
eral seconds to eliminate the ovality and decentration of the
preformed blank. II. Main rolling stage. During this main
deformation stage, the height and wall thickness decrease,
while the diameter increases gradually. III. Finishing stage.
In order to avoid resilient deformation and ovality, at the
end of the rolling process, the ring is renovated by slight radial
feed. According to the actual process, the feed trajectory is
divided into three parts in this paper (see Fig. 5(b)), and difﬁ-
dent parts has their own linear features. In order to obtain
homogeneous deformation, temperature and smaller rolling
force, the feed trajectory will be optimized by RSM and FEM.
4. RSM design
In general, the procedure of RSM consists the following steps:
(1) design of variables and objective function; (2) design of
experiment (DOE) and implementation; (3) establishment of
the response model; (4) analysis of the direct and interactive
effects and optimization of the response model.
4.1. Design variables
As the description of the feed trajectory, there are three main
variables present as follows:
(1) Following constant volume principle, the relationships
of axial feed Daand radial feed Dr can be denoted by
Eqs. (1)–(4) and the rolling angle b can be settled by
Eq. (5).lling prV ¼ p D
2
0  d20
4
 h0 ¼ p D
2  d2
4
 h ð1Þ
h0 ¼ hþ Da ð2Þocess.
Fig. 4 Data comparison between experiment and simulation.
Fig. 5 Feed principle of radial–axia
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D2  d2
4
 h ¼ ðD dþ d0 þ 2DrÞ
2  d20
4
 ðhþ DaÞ ð4Þ
tanb ¼ Da=Dr ð5Þ
where D0, d0 and h0 are the outer diameter, inner diam-
eter and height of the blank, respectively. D, d and h are
the outer diameter, inner diameter and height of the
formed ring, respectively. In blank design process, inner
diameter of the blank d0 is assumed as a ﬁxed value.
Therefore, Da and Dr are the only two associated vari-
ables in Eq. (4). When Da is assumed, Dr and b are deter-
mined accordingly.As shown in Fig. 6(a), when Da
changes to D0a, Dr and b change to D
0
r and b
0, respectively.
Therefore, axial feed Da is regarded as the ﬁrst variable
to describe the radio of axial to radial feed amount.(2) The feed trajectory decides the cooperative strategy of
the radial and axial feeds. Therefore, curvilinear func-
tion of the feed trajectory during main rolling stage
denoted by Eq. (6) is regarded as the second variable.
mY ¼ nX ð6Þ
As shown in Fig. 6(b), feed trajectory Q2 appears as con-
cave slope when m > 1, while feed trajectory Q02 appears
as convex slope when m < 1.With feed trajectory Q2,
axial feed takes place mainly at earlier stage, and radial
feed is predominant feed mode at the following stage.
Oppositely, axial feed takes place mainly at later stage
with feed trajectory Q02. The starting and ﬁnishing points
of trajectory Q2 can be settled by assumed rolling angle;
also with assumed m, n is well-determined.(3) At the ﬁnishing stage, there is only radial feed without
constraint of conical rolls. However, the length of this
stage is frequently indeterminacy that may inﬂuence dis-
tribution of the thermo mechanical parameters. There-
fore, the radial feed L during ﬁnishing stage is
regarded as the last variable.
For convenience, three design variables a, b and c are deter-
mined as follows to represent the corresponding variables
described above. For each variable, equal interval distribution
of values is required for encoding in experiment design. There-
fore, for the second variable, exponent m is changed to b by
logarithmic transformation. Feed trajectory Q2 appears asl ring rolling process.
Fig. 6 Variables of feed trajectory.
836 X. Zhu et al.concave slope when b > 0 , while feed trajectory Q02 appears as
convex slope when b < 0.
a ¼ Da ð7Þ
b ¼ lg m ð8Þ
c ¼ L ð9Þ4.2. Objective function
In order to achieve multi-objective optimization towards the
main problems of ring rolling process, both thermo mechanical
parameters’ distribution and rolling force should be taken into
account.
One purpose of this paper is optimizing the distribution of
strain and temperature. Therefore, an objective function was
needed to evaluate the optimized design. The strain and
temperature homogeneity of cross section calculated with
Eqs. (10) and (11) are assumed to be the ﬁrst two responses
h1 and h2.
h1 ¼ Se ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
j
Xj
i¼1
ðei  eÞ2
vuut ð10Þ
h2 ¼ ST ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
j
Xj
i¼1
ðTi  TÞ2
vuut ð11Þ
where ei and Ti are respectively the effective strain value and
temperature value of the trace point, e and T are respectively
the average effective strain and average temperature of all
trace points. The less the Se and ST, the more uniform the
strain and temperature distribution, while the microstructure
becomes more uniform.
Furthermore, big grains may appear in the area with exces-
sive strain and temperature, which may have an effect on the
macro-performance of the formed ring. Therefore, the volume
of this area, another important factor to evaluate the process-
ing feasibility of rings and their quality, is regarded as another
response h3 , denoted by Eq. (12).
h3 ¼ ðVe þ VTÞ=V ð12Þ
where Ve and VT are the zone volumes due to excessive strain
and temperature, respectively. By referencing the recrystalliza-
tion analysis in Ref.30 and continuous rolling research inRef.31, grain size increases as temperature increases, and
recrystallization volume fraction is low when there are insufﬁ-
cient deformation and low temperature. In order to obtain ﬁne
and uniform grains, enough deformation and reasonable tem-
perature range are essential. Therefore, in this paper, the exces-
sive ranges of strain and temperature are deﬁned by Eq. (13).
e < 0:8
T < 966 C or T > 1035 C

ð13Þ
Another major challenge of this research is the reduc-
tion of roll loads. The load ratio of maximum force
between the designed simulation case and veriﬁcation
experiment above is deﬁned as the last response h4,
denoted by Eq. (14).
h4 ¼ MaxðFr;iÞ
MaxðFr;eÞ þ
MaxðFa;iÞ
MaxðFa;eÞ ð14Þ
where MaxðFr;iÞ and MaxðFa;iÞ are maximum radial load and
maximum axial load of simulation case i, respectively, while
MaxðFr;eÞ and MaxðFa;eÞ are maximum radial load and maxi-
mum axial load of experiment, respectively.
In order to eliminate the inﬂuence of different dimensions
of the four responses, data normalization must be carried out
before the four responses are taken into account. In this
paper, Min-Max normalization is employed to map each
sample value to the range of [0, 1]. The four responses h1,
h2, h3, h4 are converted into /1, /2, /3, /4 by Eq. (15),
respectively.
/i;j ¼
hi;j  hi;min
hi;max  hi;min ð15Þ
where hi;max and hi;min are the maximum and minimum sample
of response i, respectively. With the converted responses, the
objective function is then formulated as follows:
u ¼ q1/1 þ q2/2 þ q3/3 þ q4/4 ð16Þ
According to the previous works and earlier studies, ﬁne
microstructure can be acquired through optimization in pur-
suit of the best thermo mechanical parameters’ distribution
or the minimum volume of big grain area alone. However,
they are frequently inconsistent and have different effects
on ring quality. According to the difﬁculty of optimization
and importance to microstructure, q1, q2, q3 and q4 are deter-
mined as 0.4, 0.3, 0.2, 0.1.
Then, the optimization of the feed strategy can be deﬁned
as
Variables a; b; c
Min uða; b; cÞ ¼ 0:4/1 þ 0:3/2 þ 0:2/3 þ 0:1/4

ð17Þ4.3. Experiment design and simulation schedule
A center composite design (CCD) matrix32 with three factors
and ﬁve levels was adopted in the experiment. This design
includes one central point, six axial points and eight vertices.
Table 3 presents the levels of factors and the design variables
are replaced by coded symbols. Eq. (18) is used in conversion
between design variables and coded symbols.
di ¼ 2d ðdmax þ dminÞðdmax  dminÞ=2 ð18Þ
Table 3 CCD factor levels.
Design variable Coded symbol Level(coded)
2 1 0 1 2
a (mm) d1 0 5 10 15 20
b (m) d2 0.6 (0.25) 0.3 (0.5) 0 (1) 0.3 (2) 0.6 (4)
Convex Convex Linear Concave Concave
c (mm) d3 0 1.5 3 4.5 6
Table 4 Design matrix and experimental results.
No. d1 d2 d3 /1 /2 /3 /4 u
1 1 1 1 1.0000 0.2214 0.2857 0.7463 0.5982
2 2 0 0 0.7578 0.5994 1.0000 0.6590 0.7488
3 2 0 0 0.0155 1.0000 0.2857 0.0000 0.3634
4 0 0 0 0.4145 0.3219 0.2857 0.5452 0.3741
5 1 1 1 0.4160 0.6351 0.2857 0.7032 0.4844
6 0 2 0 0.0700 0.1236 0.1429 0.9854 0.1922
7 0 0 2 0.2996 0.4430 0.1429 0.6262 0.3439
8 0 0 0 0.4145 0.3219 0.2857 0.5452 0.3741
9 0 2 0 0.4489 0.7903 0.4286 1.0000 0.6023
10 1 1 1 0.0000 0.6802 0.0000 0.2608 0.2301
11 1 1 1 0.1786 0.0000 0.0000 0.4074 0.1122
12 0 0 0 0.4145 0.3219 0.2857 0.5452 0.3741
13 0 0 0 0.4145 0.3219 0.2857 0.5452 0.3741
14 0 0 0 0.4145 0.3219 0.2857 0.5452 0.3741
15 1 1 1 0.2404 0.5357 0.1429 0.4302 0.3284
16 1 1 1 0.5937 0.6723 0.5714 0.6207 0.6155
17 1 1 1 0.0108 0.7580 0.2857 0.2383 0.3127
18 1 1 1 0.9763 0.4574 0.4286 0.8195 0.6954
19 0 0 2 0.5521 0.3499 0.2857 0.5634 0.4393
20 0 0 0 0.4145 0.3219 0.2857 0.5452 0.3741
Table 5 Signiﬁcance levels of different terms.
Term Coeﬃcient S.E. T-value P1
Constant 0.3727 0.0321 11.6 0
d1 0.1363 0.0201 6.77 0
d2 0.057 0.0201 2.83 0.018
d3 0.0057 0.0201 0.28 0.784
d21 0.0448 0.0161 2.79 0.019
d22 0.0051 0.0161 0.32 0.757
d23 0.0037 0.0161 0.23 0.823
d1d2 0.037 0.0285 1.3 0.223
d1d3 0.0209 0.0285 0.74 0.479
d2d3 0.0659 0.0285 2.31 0.043
Table 6 ANOVA for response model.
Source DF SSadj MSadj F-value P2
Regression 9 0.450716 0.05008 7.72 0.002
Linear 3 0.349782 0.116594 17.97 0
Square 3 0.051741 0.017247 2.66 0.105
Interaction 3 0.049193 0.016398 2.53 0.117
Residual error 10 0.064887 0.006489
Lack-of-ﬁt 5 0.064887 0.012977
Total 19 0.515603
R2 87.42% R2adj 76.09%
S 0.080552
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d, dmax and dmin are the design values of the corresponding
factor, respectively.
Twenty sets of coded conditions determined by CCD and
respective experimental results are presented in Table 4. The
design matrix includes ﬁve repeated coded conditions.
4.4. Response model
In order to improve the accuracy of the mathematical model,
second-order model is used to express the objective function
u. For the case with three factors in this paper, the quadratic
polynomial is presented as follows:
f ¼ l0 þ l1d1 þ l2d2 þ l3d3 þ l4d21 þ l5d22 þ l6d23
þ l7d1d2 þ l8d1d3 þ l9d2d3 ð19Þ
All coefﬁcients in Eq. (19) can be settled by regression anal-
ysis with the data presented in Table 4. In order to examine the
ﬁtness of the response model, signiﬁcance analysis was carried
out for each term of the model and the analysis of variance
(ANOVA) was also applied. Signiﬁcance results of various
terms and ANOVA results of the response model are presented
in Tables 5 and 6, respectively. Meanings of some statistic data
presented in these two tables are illustrated in Table 7.
For signiﬁcance analysis, P1 is used in judging the signiﬁ-
cance of various terms. When P1 of each term is lower thanconﬁdence level a, the response model can be retained as an
ideal candidate. For ANOVA, in general, the higher the R2adj
and the lower the S are, the higher the accuracy of the response
model is. Therefore, according to the analytical data presented
in Tables 5 and 6, the response model can provide an adequate
approximation. However, the values of P1 of square term d
2
3
and interaction term d1d3 are relatively high result in exceed
value of corresponding P2 when conﬁdence level is deﬁned as
a ¼ 0:05, that means these terms are less signiﬁcance for the
response value. Therefore, these terms are neglected in the fol-
lowing analysis and the response model is rebuilt as follows:
f ¼ 0:3769þ 0:1363d1 þ 0:0570d2  0:0057d3 þ 0:0440d21
þ 0:0043d22 þ 0:0370d1d2 þ 0:0659d2d3 ð20Þ
The ANOVA for the new response model was carried out
and the results are presented in Table 8. The values of P2 for
square and interaction are 0.035 and 0.047 (a ¼ 0:05), respec-
tively, which indicates the prominent signiﬁcance with the
remaining terms. Compared with the corresponding data in
Table 7 Meanings of statistic data presented in Tables 5 and 6.
Symbol Meaning Symbol Meaning
S.E. Standard errors of coeﬃcients R2 Correlation coeﬃcient
T-value The value of T-test R2adj Adjusted correlation coeﬃcient
F-value The value of F-test S Standard error of samples
DF Freedom degree of each source P1 Conﬁdence probability of T-test
SSadj Adjusted sum of squares P2 Conﬁdence probability of F-test and PRESS
MSadj Adjusted squares of mean
Table 8 ANOVA for the new response model (Eq. (20)).
Source DF SSadj MSadj F-value P2
Regression 7 0.446864 0.063838 11.14 0
Linear 3 0.349782 0.116594 20.35 0
Square 2 0.051398 0.025699 4.49 0.035
Interaction 2 0.045684 0.022842 3.99 0.047
Residual
error
12 0.068739 0.005728
Lack-of-ﬁt 7 0.068739 0.009820
Total 19 0.515603
R2 86.67% R2adj 78.89%
S 0.0756851
838 X. Zhu et al.Table 6, R2adj in Table 8 is higher and S is lower, that means,
the reduced model possesses higher accuracy to predict the
response for the design variables.
5. Results and discussion
According to the experimental results presented in Table 4, the
results of different responses are frequently inconsistent. ThreeFig. 7 Effective stain distribution of for
Fig. 8 Temperature distribution of formrepresentative experiments No.1, No.3 and No.6 are chosen
for illustration. The distribution of effective stain and temper-
ature of these three experiments are presented in Figs. 7 and 8,
respectively. It is observed that the temperature distribution of
experiment No.1 is most uniform, but the strain distribution is
non uniform. Conversely, experiment No.3 possesses uniform
strain distribution but non uniform temperature distribution.
The formed ring of experiment No.1 has larger strain at two
end regions due to larger axial feed amount and less strain at
central region due to less radial feed amount. Also, ring
No.1 has less temperature drop at two end regions due to
deformation heat. In experiment No.6, at prior part of the
main rolling stage, there is mainly radial deformation and it
is more prone to generate deformation at central region. Axial
deformation mainly occurs at the later part of the main rolling
stage, so there is less temperature drop at two end regions than
experiment No.6.
According to design response h3, two volumetric areas of
experiment No.1 and No.3 are presented in Fig .9. The tem-
perature of red area in Fig. 9(a) is larger than 1033 C,
while strain of blue area in Fig. 9(b) is smaller than 0.8.
High temperature area of experiment No.1 locates at the
center area close to the upper conical roll due to larger axial
deformation. For ring rolling process, deformation transfersmed rings with different experiments.
ed rings with different experiments.
Fig. 9 Volumetric areas within excessive ranges.
Fig. 10 Rolling forces of three different experiments.
Fig. 11 3D surface graph and contour for objective response.
Optimization on cooperative feed strategy for radial–axial ring rolling process of Inco718 alloy by RSM and FEM 839from outside to inside and the small deformation are locate
at the central area of the formed ring. Radial deformation is
more beneﬁcial for forging penetration efﬁciency due to lesswidth along radial direction. Therefore, experiment No.3
possesses more uniform strain distribution from outside to
inside.
Fig. 12 Optimizing chart with constraint condition of d1 ¼ 1.
Table 9 Optimal combination of three variables.
Coded
value
Design variable
value
Meaning
d1 ¼ 1 a ¼ 5 mm Axial feed Da ¼ 5 mm
d2 ¼ 1:44 b ¼ 0:432 Feed trajectory Q2: Y ¼ 1:5X0:369
d3 ¼ 0:64 c ¼ 3:96 mm Radial feed during ﬁnishing stage
L ¼ 3:96 mm
Fig. 13 Optimal feed strategy.
840 X. Zhu et al.Rolling forces along two directions of the three experiments
are presented in Fig. 10. From Fig. 10(a), radial force of No.1
is smaller at the second half of the rolling process because of its
lower feed rate along radial direction. Fig. 10(b) shows axial
force carves, in which axial force of No.3 is the lowest andFig. 14 Strain and temperature dmost stable because there is no axial feed. Peak values of the
other two carves appear at different stages of rolling process
because of different curvilinear functions of the feed trajectory
during main rolling stage.
Fig. 11(a) shows the 3D surface graphs and the 2D con-
tours of the objective response u against d1 and d2 when
d3 ¼ 0 . From Eq. (20) and Fig. 11(a), it is observed that the
objective response decreases with decrease in variable d1 and
d2. When d1 < 0, d2 has less effect on the objective response
and u declines to smaller than 0.4.
Fig. 11(b) shows the 3D surface graphs and the 2D con-
tours of the objective response u against d2 and d3 when
d1 ¼ 0. As shown in Fig. 11(b), the objective response ﬁrstly
decreases and then increases with increasing d2 and d3. Fur-
thermore, the objective response ﬁrstly increases and then
decreases with decreasing d2 and increasing d3. When
d2 < 0:8 and d3 > 0:5, the objective response declines to a
value smaller than 0.3.
From Fig. 11(c), it is observed that the objective response
decreases with decrease in variable d1 and there is less effect
of d3 when d2 ¼ 0.
According to the response model, aimed at different target
responses, there are corresponding response curves of the three
variables within assumed optimal range. The response model
established in this study is the smaller, the better. However,
being constrained of actual production condition, the most
ideal combination of the variables by the theoretical model is
often not the most appropriate. During response optimization
of RSM, all kinds of constraint conditions of variables and tar-
get response can be presupposed according to the actual con-
dition. For example, assuming 0.2 as the desired value of the
response objective, Fig. 12 shows the optimizing chart with
the constraint condition of d1 ¼ 1.istributions of optimized case.
Optimization on cooperative feed strategy for radial–axial ring rolling process of Inco718 alloy by RSM and FEM 841In this optimizing chart, the dash line represents the desired
objective response 0.2 and the abscissa values of the intersec-
tion points between dash line and each response curve are
the optimal combination of the three variables. According to
the optimal variable combination listed in Table 9, with the
constraint condition of Da ¼ 5 mm, using the feed trajectory
with convex slope and a certain amount of radial feed during
ﬁnishing stage is beneﬁcial to ring quality. Corresponding to
b ¼ 0:432, exponent m of feed trajectoryQ2 equals 0.369.
With this optimal feed strategy (see Fig. 13), the ring rolling
process has been simulated by FEM, and the distributions of
the strain and temperature in the formed ring are presented
in Fig. 14. By analyzing the extracted results from the simula-
tion, the four responses /1, /2, /3, /4 are equal to 0.0501,
0.4502, 0.1429, 0.1861 and objective response u is 0.2023.
6. Conclusions
(1) According to the proposed feed trajectory, three vari-
ables were designed to describe the radial–axial cooper-
ative feed strategy. Also, four responses were designed
to evaluate comprehensive forming quality of Inco718
alloy rings.
(2) Based on the veriﬁed FEM, a response model (Eq. (20))
was established by RSM and the response model can
depict the function relationship between ring quality
and design variables with a high accuracy. According
to this response model, effects of different variables on
the response have been analyzed connectedly.
(3) The optimal ranges of design variables and their optimal
combination can be obtained by resorting to the optimal
chart speciﬁc to different constraint conditions. For
rings with ratio of height to thickness about 2.3, the feed
strategy with Da=Dr  0:153 and convex feed trajectory
is beneﬁcial to comprehensive forming quality.
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